Currently, the quality-control strategy of amphotericin B in US Pharmacopoeia, British Pharmacopoeia, European Pharmacopoeia and Pharmacopoeia of the People's Republic of China all adopt the combination of purity measurement by HPLC and potency measurement by microbiological assay. In this study, we prepared pure amphotericin B and quantified the relationship between amphotericin B content and potency values using the mass-balance method and microbiological assay. The potency of amphotericin B with an absolute purity of 100% was determined to be 1048.63 U mg -1 . An HPLC method was then established to simultaneously determine the content and potency of amphotericin B, which unified the quality-control procedure for amphotericin B. A good linear relationship was observed between the peak area and the concentration, which could be expressed as y¼113074x+4196.5, R 2 ¼0.9999. The lower limit of quantification was 0.4473 ng. The HPLC method is expected to become the routine quality-control method and replace the current laborious quality-control procedure in pharmacopoeias.
INTRODUCTION
Amphotericin B is a polyene antifungal antibiotic produced by Streptomyces nodosus. Its molecular formula is C 47 H 73 NO 17 , and its chemical structure is shown in Figure 1 . Amphotericin B changes the permeability of cell membrane by combining with ergosterol on the fungal cell membrane to result in intracellular sodium and potassium ion leakage, thus killing the fungal cells. 1-3 Amphotericin B is the preferred drug for deep fungal infection. However, its adverse effects, such as serious renal toxicity, have restricted its clinical application. In recent years, new formulations such as liposomal amphotericin B have been developed that have significantly reduced toxicity and side effects, and amphotericin B has regained wide clinical application. [4] [5] [6] Although amphotericin B has been used in clinical practice since the 1960s, there was limited research progress on its quality control. To date, the pharmacopoeias of various countries still use microbial potency to characterize its content. [7] [8] [9] [10] The characterization of antibiotics content by potency has been practiced since the early days of antibiotics development, and is currently still in use. Nowadays, the units of antibiotics potency and purity have largely been unified during drug development. Therefore, for antibiotics with unambiguous structure and single component, chemical analysis has generally substituted the traditional microbiological assay in pharmacopoeias to determine antibiotics content. Because of its unique characteristics such as specificity, the HPLC method has been recommended for determination of antibiotics potency since the late 1980s, [11] [12] [13] and is gradually adopted in the pharmacopoeias of various countries. However, for some antibiotics developed earlier, often their potency cannot be directly determined by HPLC because the relationship between their potency and purity is not clearly quantified. For such antibiotics, the product quality is usually ensured by the combined control of HPLC purity and microbiological potency measurement. Currently, all major pharmacopoeias use this protocol for the quality control of amphotericin B. 7-10 Amphotericin B is manufactured by fermentation, which may produce biologically active analog impurities that can affect the accuracy of the microbiological potency assay result. Although the analysis of amphotericin B by HPLC has been previously reported, 14, 15 the quantitative relationship between potency and purity of amphotericin B remained unclear. In our earlier work, 16 we prepared pure vancomycin and norvancomycin, and determined the quantitative relationship between potency and purity values using microbiological assay and HPLC, and thus established an HPLC method to determine the potency of the main active ingredient of vancomycin and norvancomycin. The 2005 edition of Chinese Pharmacopoeia replaced the traditional microbiological assay with the HPLC method to determine the content of norvancomycin. 7 In this paper, we elucidate the quantitative relationship between potency and purity of amphotericin B using the same strategy. The unified measurement of microbiological potency and purity of amphotericin B is shown in Figure 2 . Consequently, we improved the HPLC method reported in the literature and established an HPLC method for the simultaneous determination of the potency and the purity of amphotericin B.
RESULTS AND DISCUSSION

Improvement of HPLC analysis of amphotericin B
The HPLC analysis of amphotericin B reported in the literature used either a weak acid or the chelating agent EDTA in the mobile phase. The weak acid improves the chromatographic peak shape by inhibiting the chelation of amphotericin B with metal ions in the chromatographic system under acidic condition, and EDTA improves the chromatographic behavior of amphotericin B by direct competition against amphotericin B for chelation with metal ions. 17 The organic phase in the mobile phase included methanol and acetonitrile. Our study found that tetrahydrofuran can significantly enhance the separation of amphotericin B from the impurities. The optimized organic phase in the mobile phase contained 41/18/10 methanol/acetonitrile/tetrahydrofuran, and the mobile phase comprised 55/45 organic phase/buffer (2.5 mmol l -1 EDTA-2Na).
The HPLC methods reported in the literature often detect amphotericin B and heptaene impurities at 407 nm. 18, 19 It can be seen from the full-wavelength scan spectrum of amphotericin B that heptaene compounds show a maximum absorption peak at 383 and 407 nm ( Figure 3 ). Using 383 nm as the detection wavelength will not affect the detection sensitivity and can also avoid repeated switching of the deuterium and tungsten lamps of the detector during the analysis. Therefore, in this study, 383 nm was selected to identify amphotericin B and heptaene impurities and 303 nm was selected to identify tetraene impurities according to the reference. 20 
HPLC methodology validation
The improved HPLC method was validated with the International Conference on Harmonization guidelines. 21 
Specificity
The known impurities in amphotericin B include heptaene impurities; that is, impurity B (amphotericin X1), 10 amphotericin B (5) 22 and the hexaene impurities; that is, impurity A (amphotericin A) 10 and nystatin 10 ( Figure 4) . We injected the European Pharmacopoeia impurity reference solution and the impurity mixture solution, respectively, and found that in our improved HPLC method the known impurities can be completely separated (Figure 4 ).
Linearity
Ten sample solutions at different concentrations (0.2-201 mg ml -1 ) were prepared from a suitable quantity of amphotericin B reference standard tested to give the slope intercept of the regression equation: y¼113074x+4196.5, R 2 ¼0.9999. The results showed a good linear relationship between the amphotericin B peak area, concentration in the range of 0.2-201 mg ml -1 . Determination of purity and potency of amphotericin B Y Chang et al Precision Amphotericin B reference solutions at three concentrations (0.5448, 0.7264 and 0.9080 mg ml -1 ) were prepared and injected. Three replicate runs were conducted for each concentration, and determinations were performed for three consecutive days. The average relative standard deviation of intra-day repeatability was 0.146%, and the average relative standard deviation of inter-day repeatability was 0.531%.
Lower limit of detection and limit of quantification
The lower limit of detection (S/N¼3) and the lower limit of quantification (S/N¼10) of amphotericin B were 0.1342 and 0.4473 ng, respectively.
Solution stability
The relative standard deviation (n¼12) of the area of the amphotericin B principal peak was 0.011% for the reference solution prepared within 12 h, stored at 4 1C, and protected from light.
Quantitative relationship between purity and potency of amphotericin B The HPLC purity of the prepared pure amphotericin B was 99.66% and the relative standard deviation was 0.003% (n¼6). The amphotericin B assay was determined to be 95.53% by the mass-balance method (Table 1 ). The potency of the pure amphotericin B was determined by the three-dose method and the single-dose method of Determination of purity and potency of amphotericin B Y Chang et al microbiological assay. By combined calculation, the potency of the pure amphotericin B was found to be 1001.76 U mg -1 , with the range of confidence limit being 968.39-1035.13 U mg -1 (Table 1) . The potency of the pure amphotericin B was calculated to be 1043.93 U mg -1 on the dried basis. Therefore, the potency of amphotericin B with an absolute purity of 100% was determined to be 1048.63 U mg -1 , which was used as a constant in equation (1) to calculate the potency based on the assay of amphotericin B by HPLC.
Unified determination of amphotericin B content and potency
The potency of amphotericin B can be calculated on the basis of amphotericin B content from the HPLC assay using equation (1):
where A t is the peak area of the test sample, A s is the peak area of the reference standard, V t is the dilution volume of the test sample, V s is the dilution volume of the reference standard, W t is the weight of the test sample, W s is the weight of the reference standard, P s is the amphotericin B content of the reference standard and 1048.63 is a constant. Thus, an HPLC method is available for the simultaneous determination of amphotericin B content and potency. Three batches of amphotericin B drug were used to validate the above method. All three batches had 490% HPLC purity. The potency values of amphotericin B calculated from equation (1) were slightly lower than the values determined by microbiological assay ( Table 2 ). As impurities in amphotericin B have some biological activity, 2, 22 lower sample purity will inevitably result in larger systematic error between the value determined by microbiological assay and the calculated value obtained by HPLC.
METHODS
Instruments, samples and reagents
Pure amphotericin B was prepared by preparative HPLC at our laboratory, using a Shimadzu HPLC system (Shimadzu, Tokyo, Japan; LC-20AT Separations Module, SPD-M20A photodiode array detector, LC solution chemstation, preparative HPLC column: Shim-pack PREP-ODS). The peak purity of pure amphotericin B by UV is shown in Figure 5 
Preparation of pure amphotericin B
Crude amphotericin B was dissolved in DMF (5.0 mg ml -1 ) solution. The preparation and separation of pure amphotericin B were then carried out on a PREP-ODS C 18 column using the following mobile phase: 15:85 water-organic phase (43/20 methanol/acetonitrile). The flow rate was 8.0 ml min -1 and the injection volume was 1.0 ml. Detection wavelength was set to 383 and 303 nm. The fractions of the principal peak were collected and combined, concentrated on a rotary evaporator to remove the organic solvents, then purified by Figure 5 The peak purity of pure amphotericin B by UV. A full color version of this figure is available at The Journal of Antibiotics journal online.
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Sephadex-LH20 gel again using water as the mobile phase, and then freezedried to give pure amphotericin B.
HPLC method
Column: Phenomenex luna C 18 (250Â4.6 mm, 5 mm); mobile phase: 55/45 organic phase (41/18/10 methanol/acetonitrile/tetrahydrofuran)-buffer (2.5 mmol l -1 EDTA-2Na); flow rate: 1.0 ml min -1 ; column temperature: 30 1C; detection wavelength: 383, 303 nm; injection volume: 20 ml.
Microbiological assay
The potency was determined by the titer plate microbiological assay method, as described in the monograph of amphotericin B in Chinese Pharmacopoeia. 7 Assay of pure amphotericin B by the mass-balance method
The formula for calculation of the assay percentage by the mass-balance method 23, 24 is as follows in equation 2
Assay ð%Þ ¼ ð100 À impuritiesÞÂð100 À Volatile impurities À Residue on ignitionÞ=100 ð2Þ
In this experiment, the impurity was determined with reference to the HPLC principal component. The volatile impurities were determined by weight loss on drying. 7 The residue on ignition was determined by the conventional method. 7 
Solution preparation
European Pharmacopoeia impurity reference solution. European Pharmacopoeia impurity reference standard (0.0010 g) was weighed and dissolved in 10 ml DMF to obtain a solution containing amphotericin B, impurity B and impurity A.
Acid degradation impurity solution. Amphotericin B (0.0055 g) was weighed and transferred to a 50-ml volumetric flask, dissolved in 3 ml DMF and diluted with methanol to 50 ml. The pH of the above-mentioned solution was adjusted to about 2 with 0.1 mol l -1 hydrochloric acid. The solution was allowed to stand at room temperature for 4 h to produce the acid degradation product impurity B (amphotericin X1). 2 Amphotericin B (5) solution. Amphotericin B (0.0972 g) was weighed and transferred to a 10-ml volumetric flask, dissolved in DMF and diluted with DMF to 10 ml. The solution was then subjected to accelerated degradation in a water bath at 60 1C for 50 h to produce amphotericin B (5). 22 
Impurity mixture solution
Equal volumes of the above-mentioned acid degradation impurity solution and the amphotericin B (5) solution were mixed. A known amount of nystatin reference standard was then added to the solution, dissolved and thoroughly mixed.
CONCLUSION
This study determined the quantitative relationship between the amphotericin B content and potency values using the mass-balance method and microbiological assay. An HPLC method for the simultaneous determination of amphotericin B content and potency was established and validated. This HPLC method can be an alternative to the traditional microbiological assay for the determination of amphotericin B, as it eliminates the need to use both HPLC and microbiological assay in the quality-control protocol for amphotericin B.
The method has the potential to become the routine quality-control method for amphotericin B in pharmacopoeias.
